Food webs with intraguild predation (IGP) are widespread in natural habitats. Their adaptation and resilience behaviour is principal for understanding restructuring of ecological communities. In spite of the importance of IGP food webs their behaviour even for the simplest 3-species systems has not been fully explored. One fundamental question is how an increase of diversity of the lowest trophic level impacts the persistence of higher trophic levels in IGP relationships. We analyze a 3-species food web model with a heterogeneous resources and IGP. The model consists of two predators directly coupled via IGP relation and indirectly via competition for resource. The resource is subdivided into distinct subpopulations. Individuals in the subpopulations are grazed at different rates by the predators. We consider two models: an IGP module with immobilization by the top predator and an IGP module with species turnover. We examine the effect of increasing enrichment and varying immobilization (resource transfer) rate on a stable coexistence of predators and resources. We explore how the predictions from the basic 3-species model are altered when the IGP module is extended to multiple resource subpopulations. We investigate which parameters support a robust coexistence in the IGP system. For the case of multiple subpopulations of the resource we present a numerical comparison of the percentage of food webs with stable coexistence for different dimensionalities of the resource community. At low immobilization (transfer) rates our model predicts a stable 3-species coexistence only for intermediate enrichment meanwhile at high rates a large set of stable equilibrium configurations is found for high enrichment as well.
Introduction
In spite of the prevalence and importance of omnivory food webs (Pimm and Lawton, 1978; Vadeboncoeur et al., 2005) in natural communities their population dynamics to date remain poorly understood, even for only three species in the community. Even in simple systems a plethora of nonlinear effects such as flexible consumer behaviour (Leibold et al., 2005) , intraspecific interactions between competing consumers and resources (Holt et al., 1994) , inhomogeneity of the environment (Amarasekare, 2007; Janssen et al., 2007) and adaptive foraging (Krivan, 1996; Krivan and Diehl, 2005) precludes easy theoretical treatment and interpretation.
One example of a non-trivial omnivory food web is a system with intraguild predation (Polis et al., 1989; Finke and Denno, 2002; Borer et al., 2003) .
Intraguild predation assumes that the same organism is both competitor and predator to another member of the food web. The IGP models encompass a rich dynamical behaviour including coexistence (Polis and Holt, 1992) and alternative stable states (Holt and Huxel, 2007; Daugherty et al., 2007) .
Simple mathematical models (Polis and Holt, 1992; Diehl and Feißel, 2000; Namba et al., 2008) have been evoked in attempt to explain the persistence of IGP interactions in natural habitats. However predictions from the mathematical theory of 3-species IGP systems state that a high resource carrying capacity promotes the exclusion of intermediate trophic levels
and thus destabilizes interactions (Diehl and Feißel, 2001) . What is puzzling that various empirical studies of omnivory document however coexistence, but not exclusion, over the entire range of natural resource productivities (Mylius et al., 2001; Borer et al., 2003) . On the basis of experimental observations a theoretical 3-species omnivory model (Stoecker and Evans, 1985; Holt and Polis, 1997; Diehl and Feißel, 2001 ) predicts the coexistence only at superior competitive abilities of the IG prey for the communal resource (Diehl and Feißel, 2001 ).
Yet empirical data suggest a robust persistence of IGP systems in both terrestrial (Brodeur et al., 2000; Arim and Marquet, 2004) and aquatic communities (Polis et al., 1989; Mylius et al., 2001; Borer et al., 2003; Denno and Fagan, 2003) .
Theoretical models that are focused on the aspects of stability and coexistence of species in 3-level systems with the IGP (Polis and Holt, 1992; Holt and Polis, 1997; Abrams et al., 1994a Abrams et al., ,b, 2010 , as a rule, largely reduce the complexity of interactions observed in realistic systems (Thomson et al., 2007) . Such oversimplifications can influence the population dynamics as well as critically impact species persistence. Even though the simplest model of the IGP encompasses only three species (Polis and Holt, 1992; Holt and Polis, 1997; Feißel, 2000, 2001) a number of empirical studies deal with larger food webs that involve more than three species potentially engaged in IGP interactions (Rosenheim et al., 1993; Woodward et al., 2005) .
Spatiotemporal heterogeneity of the environment often is invoked as one of the explanatory mechanisms for the coexistence between multiple species competing for the same resources (Hutchinson, 1961) . It has been observed that such a spatiotemporal heterogeneity can affect the diversity in prey populations (Amarasekare, 2006) .
Indeed an inhomogeneity in prey items that share common resource and predators is critical in determining the responses of ecological community. For systems with multiple prey composition various coexistence patterns can be found depending on the levels of resource productivity (Leibold, 1996) . It is not clear yet how the diversity in a prey community will affect the behaviour in the IGP systems.
The effect of a habitat structure on the IGP is discussed in various recent models (Amarasekare, 2006 (Amarasekare, , 2007 Janssen et al., 2007) . For example a stable coexistence of the intraguild prey due to inhomogeneity of a habitat can be supported by creating temporal refuges for prey and reducing the encounter rates among preys and predators (Janssen et al., 2007) . In addition the stability of the IGP can be enhanced by an inclusion of additional factors such as behaviourally mediated effects (Janssen et al., 2007) .
To include the effect of an increasing diversity of resource and IG predators on population dynamics recently the 3-species IGP model (Holt and Polis, 1997) was modified by Holt and Huxel (2007) .
The authors extended the basic 3-species omnivory model to the so called "partial IGP" model in which "partial" overlap among competitors for a single resource exists and both predators have exclusive resources to exploit. It was shown (Holt and Huxel, 2007 ) that an alternative resource enhances the tolerance of the IG prey against attacks from IG predators. Independently of a competitive status of the IG prey in exploitation for a shared resource it can persists by utilizing an alternative re-
source. An extended formulation of the IGP model with trophic supplementation has been proposed by Daugherty et al. (2007) . The authors investigated three forms of a supplementary feeding outside of the basic IGP module and postulated a higher potential for persistence of the IG prey due to its efficient exploitation of external resources.
There is growing evidence that in many systems the IG prey has a mutualistic or at least facilitative relationship with the IG predator (Crowley and Cox, 2011) . Including such facilitation in ecological theory will fundamentally change many basic predictions and will enable a better understanding of functioning of many natural communities (Bruno et al., 2003) .
Especially in the IGP systems an emphasis should be given to the elucidation of the effects of facilitation on community composition and stability (Crowley and Cox, 2011) . Contrary to the competitive exclusion principle in systems with competitors for a single resource stability stems from commensalism (Hosack et al., 2009 (Löder et al., xxxx) or the partitioning of prey populations into distinct groups of individuals offers opportunities for competition avoidance among both consumer species.
We reformulated the 3-species IGP model proposed in (Polis and Holt, 1992; Holt and Polis, 1997; Feißel, 2000, 2001) to include mul- 
General model
We introduce an omnivory model with an IGP unit derived from a simple non-spatial LotkaVolterra system with the linear functional responses adapted from Holt and Polis (1997) . The original model consists of populations of two predators (IG predator and IG prey) and a common resource.
Here, we include new features such as a resource differentiation mechanism which affects palatability of a fraction of resource for the predators. Specifically, the entire resource population is subdivided into distinct groups under the assumption that the groups differ from each other by the quality and fitness of the individuals. They are consumed by the predators at different group-specific grazing rates.
The differentiation of the resource could be due to damage by the predator or initial inhomogeneous distribution of the resource quality. Afterwards, we generalize our model to the case of the multiple resources.
The food web model for a multiple number of prey subpopulations {S k } n k=1 is sketched in Fig. 1 a. 1 The top predator The general model for a food web with an inhomogeneous resource is derived from the LotkaVolterra omnivory model Feißel, 2000, 2001 ) with the interaction term that accounts for the transitions among different pools. The LotkaVolterra omnivory model consists of n + 2 equations. It is used as an approximation for the food web community with the IGP and n ≥ 2 mutually interacting subpopulations of the resources. In the absence of predation a basal population S 1 develops according to logistic growth (Diehl and Feißel, 2000) . The set of equations for the population densities are written as follows:
1 Here and everywhere in the text the numerical subscripts denote species at the same trophic level. Shared 1st resource :
Shared kth resource (k = 2 . . . n) :
Intermediate predator (IG prey) :
Top predator (IG predator) :
The parameters of the model and main populations are described in details in Table 1 . Here r is the maximum specific growth rate of the resource population S 1 , K is the carrying capacity of the resource defined as enrichment factor in the previous models Feißel, 2000, 2001) . The subpopulations {S k } n k=2 are derived from the basal resource S 1 via immobilization or via individual-toindividual turnover. Species from S 1 and {S k } k =1
are consumed by the IG predator at potentially different rates f and {f k } n k=2 and by the IG prey at rates a and {b k } n k=2 respectively. The differentiation among subpopulations {S k } n k=2 is preserved by a choice of distinct predation pressures
and mortality coefficients {m k } n k=2 . The densityindependent mortality rates for S 1 , G and F are Table 2 
Description Model equations
System with immobilization:
System with resource turnover:
System with the resource turnover:
System with immobilization by predator
The system with the immobilization illustrated in Fig. 1 Mobile resource:
Immobilized resource:
IG prey:
IG predator: The stability of equilibrium densities and the persistence zones of the system (2) with a non-zero immobilization rate are discussed in Section 3.1.
System with the resource turnover 2.2.1. General case of n = 2 subpopulations
The model with the resource turnover is derived from the general case (1) by substituting the functional forms from Table 2 . It is written as follows:
1st resource:
2nd resource:
IG predator:
All the parameters are chosen the same as for the system with immobilization (2). Note that the evolution equations are written as in (2) If the density of second subpopulation is zero and no differentiation in the resource takes place at t r = 0 than the top predator F outcompetes the predator G due to a higher predation rate (f > a).
This outcome is predicted by the basic IGP model Feißel, 2000, 2001) . By contrast, whenever the turnover of species takes place and nonzero densities are produced in the resource pool S 2 the intraguild predation introduces a higher pressure on the second subpopulation S 2 . This will potentially lead to a negative effect on the population density in S 2 and to higher levels of subpopulation S 1 . The result of this interaction is that the 3-species coexistence is reached via the IGP competition trade-off.
Main results
We illustrate an emergent dynamical behaviour for the three formulations provided in Table 3 with stability diagrams. Due to high dimensionality of the models (1)- (3) the analysis of an entire parameter space is intractable. Only several illustrative examples for every formulation will be shown here.
Model with immobilization
In Fig. 2 At low transfer rates ( Fig. 7c and d ) the IG predator is excluded independently on carrying capacity of the resource. As expected, with increase of the attack rate of G the population of the IG predator is driven to extinction due competition with IG prey. However, situation becomes more favourable for the IG predator at higher values of the transfer coefficient t r . For high enrichment and intermediate transfer the IG prey is excluded from the system. At a fixed enrichment several alternating states are found along the gradient of t r (see Fig. 7 d) . For example, at K > 2.5 the be-haviour of the food web is very sensitive even to a small alternations of t r . Indeed, the system passes through distinct steady states just within a small increment of transfer rate. The exclusion of the IG predator is observed at t r < 0.05, the coexistence is found at t r 0.06 and the exclusion of the IG prey is achieved at t r 0.07. Finally at a higher transfer values (t r > 0.14) both predators enter the system and persistence is reached.
After presenting the results for the systems (2) and (3) we proceed to a more complex situation with n > 2 of distinct subpopulations of the resource.
Case of n > 2 prey subpopulations
For a multipopulation model the choice of parameters including predation rates can be enormously large. As a consequence more freedom is provided for choosing equilibrium densities that can fit the model (1). Since it is impossible to investigate the entire range of biologically plausible parameters we make a particular choice of parameters that allow an easier comparison of the case n > 2 in This reduction in stability is independent on the number of simulated food webs and a choice of main parameters of the system. It is possible that an increase of food web connectivity in this case impacts negatively the system (1) stability. Another feature is that for n = 7 the percentage of stable equilibria at a fixed enrichment value decreases for large values of t r unlike in previous cases in Fig. 8 a-c. The results of the numerical simulation demonstrate that for n = 2 subpopulation up to 95% of stable systems are found at a higher transfer rate and an intermediate enrichment. Second, for a larger food web with n = 7 subpopulations a higher percentage of stable steady states (up to 45%) are identified at low transfer rate and at high enrichment.
We compare the results of simulation for four cases (n = 2, 3, 4, 7) at fixed enrichment K = 1.341 and variable transfer coefficient in Fig. 9 . The yields are derived for 1000 simulations of food webs.
The estimations of the number of steady states show that for food webs with n ≤ 4 a higher percentage of solutions with a stable coexistence are identified than for food web with n = 7 pools. Indeed, the yield for n = 2 reaches almost 95% meanwhile the percentage of stable food webs found for n = 7 saturates at 23% for large t r . The nonmonotonic variations of the yields in Fig. 9 reveal a highly sensitive behaviour of the IGP model (1) to a change in transfer rate in all cases. For n = 7 the percentage of stable food webs reaches 41% at a low transfer rate. It decreases substantially for higher values of the transfer rate. For n ≤ 4 there is an overall incline from 60% at t r ∼ 0.1 to 95% at 
Discussion
There is growing evidence from theoretical and empirical studies that creating additional trophic links have a stabilizing effect on food webs (Moore, 2005; Ives and Carpenter, 2007) . Generalized models reveal that the stability of food webs can be enhanced when species at higher trophic levels graze upon multiple prey species (Gross et al., 2009 ). In particular, for low dimensional food webs it is demonstrated that an addition of alternative food resources can stabilize the interactions (Holt and Huxel, 2007) and open up a possibility for feedbacks on population dynamics due to apparent competition. The predictions of our model confirm the main conclusions given in a theoretical study of an extended IGP model (Holt and Huxel, 2007) . In the alternative formulations used here the IG prey has the access to an extra resource be-yond the shared resource for which both predators compete. This extra resource is a more attractive resource item for the IG prey and is thus attacked at higher rates by the IG prey whereas the attack rate of the IG predator stays the same. Moreover the IG predator indirectly stimulated the growth of the IG prey population by providing this extra resource. Our predictions tested by the application of a stability analysis are robust in the sense that they are independent of the form of the interaction term that is responsible for the availability of an additional resource. We demonstrate that for different formulations of the basic IGP model with the embedded interactions a stable 3-species coexistence is ultimately reached whenever a moderate strength of the omnivorous links is used.
However, the problem to relate the experimental findings (Löder et al., xxxx) The above results demonstrate that a persistence of IG predator, IG prey and resource is achieved even at a low value of immobilization rate.
Moreover, a significantly higher percentage of observed stable configurations is found when the immobilization and transfer links in (1) and (2) Experimental samples in ref. (Löder et al., xxxx) are taken during 3 days of incubation due to a decline of the prey population. Secondly, due to the existence of stable limit cycles as predicted by our linear stability analysis (see Fig. 10 ) the oscillatory solutions go through a period of very low densities and might be driven to extinction in the presence of random fluctuations of the environment.
We point out that our numerical simulations of the extended 3-species IGP module (1) 
Conclusions
We have used three formulations of a general IGP model to explore the effects of increasing diversity in the prey population on higher trophic levels. The reformulated IGP model alters the results from the basic IGP theory (Polis and Holt, 1992; Holt and Polis, 1997; Diehl and Feißel, 2000) . We
show that an increase of a number of trophic interactions in the system via differentiation of resource can stabilize the population dynamics of the IGP module. This conclusion holds for the densities of the IG prey that level up even when the IG predator is a superior competitor for the common basal resource.
The results of our numerical simulations can be summarized as follows. Appendix A.
In the Appendix we review the steady state solutions for the Lotka-Volterra models (2) and (3) and provide Jacobian matrices to examine their local stability for the coexistence of both predators and the resource. The equilibrium solution of (2) for the 3-species coexistence without immobilization is stated as follows:
where g, g ′ > 0. The necessary condition for the coexistence requires that the right hand side is positive in (A.1).
The expressions for the equilibrium densities for the survival of the IG prey and the resource with exclusion of the IG predator at F eq = 0 yield:
The condition for persistence of the IG prey and the resource reads: a ′ aK > m g .
At zero density of the intermediate consumer (G eq = 0) one yields the steady states of the resource S G eq and the IG predator F G eq :
The densities are positive if and only if the condi- 
. Model with immobilization
Here we describe alternative steady state solutions and discuss their local stability derivation.
Also the Jacobian matrix for the 3-species coexistence is provided in the explicit form.
For the model (2) with immobilization (i m = 0)
we define a set of equilibrium densities to satisfy the equalities below:
The system (A.5) has four alternative solutions : (i) exclusion of both predators at S = K; (ii) exclusion of the IG predator (S In the absence of F the immobilization mechanism is not active and the model (2) reduces to the system without immobilization (Diehl and Feißel, 2000) where the equilibrium solutions written as (A.2). Upon exclusion of the IG prey in (A.5) one obtains expression for the equilibrium densities of resource and the IG predator:
Note that the size of mobile population S G m is proportional to the size of immobilized population S 
The matrix diagonal is written in terms of the equilibrium densities S e m , S e i , G e and F e as follows:
The solution (S The solution for the coexistence of the resource and the IG prey in the absence of the IG predator is expressed as follows:
Note that at t r = 0 the IG prey is excluded and steady state density for the resource approach the carrying capacity limit K. The positive solution of (A.7) exists if the parameters satisfy the inequality:
The steady state for the resource and the IG predator in the absence of IG prey yields: The eigenvalues of the stability matrix are functions of the constant rates (see Table. 2) and the equilibrium densities S (1) we implement several assumptions.
We chose the parameters and equilibrium densities to fulfil several constraints provided below.
Initial densities are equal to the steady states (A.9) for n = 2 subpopulations, namely: S 1 = S e 1 , S 2 = S e 2 , G = G e and F = F e . For the sake of simplicity the values for the remaining densities {S k } n−1 k=2 are defined to be less than the equilibrium density S e 2 . Provided that the interaction rates {c k } k =1 are randomly assigned values not exceeding t r /(n − 1) the equilibrium density S n can be found from the constraint: 
The equation (A.11) for k = 2 is used to solve for the attack rate f 2 . Finally, the attack rates 
